Novel results concerning surface-enhanced Raman scattering mediated by thiol-immobilized capped silver nanoparticles attached to a silicon Si(100) substrate are presented. The attachment of the nanoparticles is achieved by chemically modifying the surface of Si(100) in order to provide sulfhydryl groups covalently linked to the substrate and then covering these surfaces with bare and polymer-capped silver nanoparticles. The modified silicon substrate, the nanoparticles, and the sensors are characterized by means of infrared and UV-vis spectroscopies and electronic microscopies. The surface-enhanced Raman scattering intensity of the new films based on polymer-capped nanoparticles is compared with that obtained with silver bare nanoparticles using rhodamine 6G as a common chromophore. These results open a new route to the design of reversible and spot-to-spot reproducible surface-enhanced Raman scattering-based sensors supported by silver nanoparticles.
Introduction
The fast pace development of nanotechnology has afforded new avenues towards the design of new materials and devices in chemical sensing [1, 2] , nanoelectronics [3, 4] , or optics [5] [6] [7] [8] . At this length scale, size matters and the importance of one atom in electronical, chemical, and optical properties ranging in-between atomic and bulk ones is currently a hot topic [9] . The strong impact provoked by size effects in these features comes mainly from their characteristic surface/volume ratio [10] , quantum confinement effect [11, 12] , and quantum electrodynamic interactions [13] . To our purposes, the most important quantum size effect is the surface plasmon resonance (SPR) providing light absorption in the visible range by the red shift of the Drude frequency (in the UV range for metals) to the optical region provoked by the modification of the selection rules for polarization induced by the surface electrons. In fact, a plasmon is nothing but a quantized in-phase collective oscillation of polarized "free" conduction electrons confined within a metal/dielectric boundary [14, 15] . The optical properties of plasmonic nanoparticles can hardly be explained employing traditional theories (as those based in the dipole approximation [16] ), but a size dependence is foreseen (and experimentally demonstrated) as a consequence of the differential contributions of the interband transitions (due to d electrons) and Drude parts of the dielectric function, which causes that surficial scattering exceeds that one coming from the bulk [17] . Also, different nanoparticle functionalizations cause changes in the near-surface refractive index n that result in a shift of the absorption maximum [18] . Although these facts can be used to tune the plasmon absorption for being used in surface plasmon resonance (SPR) spectroscopy, one of the most important applications concerning this effect is surfaceenhanced Raman scattering (SERS) [19] [20] [21] [22] [23] , which aims at reaching ultrasensitive detection, from simple chemical pollutants to biomolecules and immunoassays [24] [25] [26] with up to single-molecule sensitivity [27, 28] . The reason behind this huge increment of sensitivity with respect to usual resonant Raman experiments are the increase of the molecular Raman cross section by several orders of magnitude to even 10 14 for some molecule-surface combinations [29] .
Two nonexcluding mechanisms have been proposed for the explanation of the SERS effect: (1) the electromagnetic enhancement (EM) and (2) the chemical effect (CE) [30, 31] . In the EM mechanism, the local surface interaction between the incident and local-enhanced scattered electric fields with the transition moment of the adsorbed molecules modifies the Raman transition moment [32, 33] . Hence, the metallic surface needs to be rough/fractal and highly heterogeneous at the nanoscale, which favors the formation of geometrical gaps between nanoparticles of a few nanometers size causing such a huge enhancement of the electromagnetic fields. The morphology of the particles and the distribution of the nanowells or "hot spots" [34, 35] are the main responsible factors for SERS effect through the local field EM mechanism [36] . In the CE mechanism, the mixing of orbitals of molecular and metallic character leads to a charge transfer process that diminishes the energy for the resonant molecular Raman with respect to the energy of the free molecule [28] . Although the EM is of leading order and the CE provides additional enhancement, in order for either or both of these mechanisms (among others) to play a role, from a practical viewpoint, one needs the metal substrate to have certain characteristics especially as far as its nanoparticle is concerned to improve the plasmonic configurations that result in the optimum interparticle interaction for SERS. Hence, the upgrade of metal films with controlled nanostructure and composition is of pivotal importance and is currently intensely investigated [6, 7, 37] . There is a variety of methods for the fabrication of SERS substrates, such as pulsed laser deposition (PLD) [38] , metal evaporation [39, 40] , chemical or electrochemical etching or deposition on smooth surfaces [41] [42] [43] [44] , and deposition or assembly of metal nanoparticles from solution (dried droplet (DD) method) [45, 46] . However, for a given excitation wavelength, SERS effect is nearly absent in isolated particles, while the coupling of transition dipoles in aggregates enhances relatively this effect in the nanoscopic scale [47] . Hence, the addition of salt to induce the formation of aggregates offers a robust and simple DDbased route for the design of SERS-based sensor [1, 48, 49] by the price of a certain degree of lack in the reproducibility and stability because of the heterogeneous hot spot distribution. Within the procedure outlined in this paper, the essential aggregation step in silver bare nanoparticles becomes unnecessary to obtain a comparable SERS effect with high batch-to-batch reproducibility. In summary, in this work, we report the fabrication and characterization of two new SERS active films in which polymer-capped metal nanoparticles are attached to the substrate [50] by means of thiol groups that are covalently bonded to the surface of the Si support. The in-depth characterization of the films employing electronic microscopies reveals that this chemical procedure leads to Si(100) substrates that are covered with single or small fractal-like clusters (a few microns size) of silver nanoparticles. SERS activity has been proven by adsorbing rhodamine 6G (R6G) as a model compound and recording the Raman spectra on the sensors with suitable geometry for SERS effect. Differences in the fitness of the films for this analytical aim are also discussed in terms of the plasmonic and surface properties of the devices. In all cases, adsorptive anchoring of the analyte to the nanoparticles is reversible, making all of them candidates to be used as chemical sensors.
So this paper is outlined as follows: the description of the materials and methods is shortly reviewed in Section 2. Results and discussion are summarized in Section 3. The main conclusions extracted in the work are finally presented in Section 4.
Materials and Methods
2.1. Chemicals. All the chemicals are of reagent grade and have been used without further purification: hydroxylamine hydrochloride NH 2 OH·HCl, tetraethylrhodamine hydrochloride (rhodamine 6G), mercaptoacetic acid (MAA), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC), polyvinylpyrrolidone (C 6 H 9 NO) n with average molecular weight 10000 (PVP10000), and polyvinylpyrrolidone with average molecular weight 29000 (PVP29000) are supplied by Sigma-Aldrich. Potassium nitrate, (3-aminopropyl)-trimethoxysilane, N-hydroxysuccinimide (NHS), and 2-(N-morpholino)ethanesulfonic acid 1-hydrated (MES) are supplied by PanReac. Water was purified using a Milli-Q (18.2 MΩ·cm) reagent grade water system from Millipore. As substrates for immobilization, we use high-purity and high-resistivity silicon (100) wafers from Topsil polished on both sides.
Instrumentation.
Transmission electron microscopy (TEM) images were taken in a Philips CM200 microscope operated at 200 kV with a resolution of 2.8 Å. The samples were prepared by drying an aqueous solution of nanoparticles on a carbon-coated copper grid.
Scanning electron microscopy (SEM) images were taken with a Hitachi S5200 high-resolution (5 Å) microscope operating at 30 kV. Aqueous samples are dried in a carbon-coated copper tape.
The UV-vis spectra were recorded with an Ocean Optics spectrometer equipped with a HR4000 detector with a quartz tray with a light path of 1 cm.
Raman spectra are recorded in a Bruker Senterra confocal Raman microscope equipped with a laser of 785 nm and a DU420A-OE-152 detector. The 50x objective is used for all the measurements. The slit aperture is fixed to 50 μm, and the integration time is 100 s with a laser power of 10 mW. All the spectra are recorded with a resolution of 3 cm Centrifugation of nanoparticle solutions is performed in a refrigerated centrifuge Ortoalresa Digicen 20R with a rotor length of 101 mm. [51] without further modifications. Briefly, a solution of hydroxylamine hydrochloride and NaOH with alkaline pH (~10) is used as reducing agent of the silver salt. The brownish solution so obtained is centrifuged (3500 rpm, 15 min) in order to obtain a narrower size distribution. The final solution turns into a yellowish color whose characterization will be described below. This solution will be labeled as Ag(H) hereinafter. Two subsequent functionalizations are then achieved with polyvinylpyrrolidone (PVP) of different average molecular weights (10000 and 29000). These heavy polymers provide amphiphilic character, with a hydrophobic polyvinyl chain and a hydrophilic pyrrolidonic ended group, and are employed for tuning both the nanoparticles shape and the plasmon resonances of the Ag nanoparticles towards the laser wavelength. In the cases of the AgNO 3 with PVP10000 and PVP29000 syntheses, the method of Washio et al. [52] has been followed with minor changes in the heating temperature, time of reduction, and silver/ PVP proportion. For the PVP10000 case, 8 mL of an aqueous solution of PVP 23 mM is kept in a glass flask submerged in a bath oil at 85°C under magnetic agitation. Once PVP is properly dissolved, 3 mL of a AgNO 3 solution (Ag/PVP ratio of 30) is added quickly and let the reaction occur for six hours. Then, the sample was centrifuged during 30 minutes at 8000 rpm. Solid was washed twice with Milli-Q water and centrifuged for another 30 minutes at 8000 rpm. After this process, a dun color solution is finally obtained. When the functionalization with PVP29000 is achieved, the procedure to be followed is quite similar, and only the temperature of the oil bath is changed to a lower temperature (65°C). In this synthesis, a green solution is obtained for the final nanoparticle dispersion. These nanoparticles will be tagged as Ag@PVP10000 and Ag@PVP29000, respectively, along the text.
Substrate Preparation for Surface-Enhanced Raman
Spectroscopy. Films for SERS are produced following the method in [46] . Briefly, the procedure starts with oxidation of the Si(100) surfaces in a freshly prepared piranha solution (H 2 O 2 : H 2 SO 4 , 1 : 3 (v/v)) for one hour. This oxidation process results in the formation of a silanol-covered SiO 2 layer. Subsequently, the film is reacted with (3-aminopropyl)trimethoxysilane for two hours in order to form an amineterminated monolayer that is then immersed for 2 h in a MES buffer solution containing MAA that has been activated with EDC + NHS. The carboxylic group of the MAA couples with the amino layer with the corresponding formation of the amide bond providing substrates covered with SH groups. Subsequent immersion during 1 h in a suspension of silver nanoparticles (aggregated in KNO 3 0.1 M in the case of Ag(H) suspension) covers the substrates with a layer of nanoparticles that are strongly attached to the sulfhydryl groups. The films are washed thoroughly during 1 h in Milli-Q water after each of these steps. The samples for Raman spectroscopy are prepared by dipping the nanoparticle layers in aqueous solutions or R6G of several concentrations and drying with nitrogen at room temperature.
Results and Discussion
3.1. Treated Substrate Characterization. The characterization of the silicon substrates has already been described in [46] and will be sketchily reproduced in the supplementary material (available here) for the sake of clarity and completeness of the text.
3.2. Characterization of Silver Nanoparticles. The reduction of AgNO 3 in aqueous solution with NH 2 OH·HCl yields chloride-protected Ag polyhedral nanoparticles with typical sizes between 20 and 50 nm as determined by TEM (Figure 1(a) ). The aqueous colloidal suspensions of these particles have a plasmon band centered at 406 nm in the UV-vis absorbance spectrum (see Figure 2 ). The absorption of valence electrons to the conduction band occurring at a shorter wavelength is not shown in the spectrum. The spectrum of the aggregates (amplified by a factor of two), developed with the help of the addition of a KNO 3 solution, is also presented in Figure 2 for comparison. It can be observed that the induced aggregates feature a UV-vis spectrum strongly shifted to the red. This displacement of the absorption maximum provoked by the curling up of the nanoparticles makes them much more adequate given the closeness of the maximum of the band to the excitation laser wavelength. A detailed study of how the stability of this nanoparticle suspension can be tuned by a sequential addition of KNO 3 will be given here in view of Figure 3 . According to the wellknown Derjaguin and Landau and Verwey and Overbeek (DLVO) theory, the increment of the ionic strength included in the inverse Debye length κ redounds in a screening effect of the surface charge that diminishes the energetic barrier E a between the repulsive (van der Waals force) and the attractive (electroosmotic) interactions. The global effect is the aggregation or precipitation of the nanoparticles as can be observed in the energetic diagram of Figure 3 where the contributions to the total potential energy ϕ(r) as a function of the interparticle distance are plotted. The evolution of the absorption spectrum upon the consecutive addition of the potassium salt is presented with some representative samples. As long as the salt concentration increases, the yellowish emission typical of this suspension decreases in favor of the blue one belonging to nanoparticle aggregates. It can also be mentioned that the flattening emerging from the red part of the spectrum is a consequence of a heterogeneous size distribution of the new-formed aggregates. As mentioned in the previous section, this fact is used to increase the number of aggregates after immobilization on the silicon surface since, although both single nanoparticles and small clusters exist, only clusters contribute to SERS effect in the films constructed with these nanoparticles under the experimental conditions because the plasmon resonance of isolated particles is far from the laser wavelength. AgNO 3 reduced with PVP10000 forms a narrow-size distribution of polyhedral structures of Ag nanoparticles, with a size average between 80 and 90 nm (Figure 1(b) ). The maximum of the plasmon 3 Journal of Spectroscopy band of the colloidal suspensions is located at 473 nm in the UV-vis spectrum (see Figure 2) , although the band is the broadest with a tail extending to the near infrared among the nanoparticles considered in this work because of the coupling of the plasmonic bands arising from the different irregular facets of the nanoparticles. In the reduction process with PVP29000, a mixture of nanotriangular plates, in the 115-130 nm range, and polyhedral nanoparticles with size distribution centered at 60-65 nm is obtained (see Figure 1(c) ). These nanoparticles in aqueous colloidal suspensions will then present three plasmonic bands as observed in Figure 2 . One of them will be the one associated with the polyhedral nanoparticles centered at a similar position at the Ag(H) solution (seen as a shoulder at~390 nm in this case). The other two bands, with centers located at 443 nm and 691 nm, correspond to the transversal and longitudinal plasmon excitations of the nanoparticles with triangularshape geometry, respectively. None of the Ag@PVP-protected nanoparticles aggregates upon the addition of salt, because of the high stability provided by the steric interactions between the high molecular weight coating. Hence, upon evaporation of the solvent, the only modification caused by the interparticle interaction is a broadening of the plasmon bands (not shown). The longitudinal plasmon absorption of the nanotriangles is quite close to the excitation laser radiation, which, a priori, will favor the suitability of these films as SERS-based sensors. Figure 4 shows the SEM images of some representative aggregates of the nanoparticle covering the substrates. These images allow us to evaluate the surface area, coverage of nanoparticles, and aggregate size of these SERS substrates. Panel (a) shows the Ag(H) case, with a few hundred μm 2 area covered with fractal nanoparticle aggregates. Areas with a lesser degree of coverage ranging from single particle areas to small clusters of several μm 2 are also presented. In the high-resolution image shown in the inset, it can be observed that the morphology of these clusters is comprised of numerous sites separated a few Angstrom that are precisely the Journal of Spectroscopy definition of a Raman active "hot spots." Both flat and, to a much lesser extent, spherical-like and thicker aggregates are presented. Flat structures have presumably grown by induced aggregation while the thick ones have been preformed in solution. Since the Ag@PVP nanoparticles are much more stable than the Ag(H) and, hence, they hardly aggregate together with the fact that the coating prevents the direct chemical interaction with the SH groups covering the surface, the size and degree of coverage of the aggregates on the sensors built with these nanoparticles diminish with the massiveness of the polymer. In these cases, aggregates typically fill an area of a few hundredths of μm 2 for PVP10000 and the coverage is even less for PVP29000 (about 100 μm 2 ). Although they also constitute hot spots as shown in the inset of panels (b) and (c), those that belong to PVP10000 are the biggest among the aggregates considered (~100-500 nm). Consequently, the leading responsible facts of the final performance of each sensor are the detailed balance between plasmon absorption bands and covering effects together with the subtle effect of the analyte-coating molecular interactions. , and xanthene C-C stretching (1504 cm −1 , F) [53] . The Raman spectrum of the zones that are covered with single particles or small clusters does not yield appreciable signal from R6G, and only the Raman peak of Si centered at 522 cm −1 is presented. It is well known that the intensity of the Raman signal measured for a given aggregate depends on the amount of SERS active spots in the focused volume. Hence, the difference in Raman intensity obtained when recording the spectrum from a flat and a thick aggregate is ascribed to the smaller number of hot spots contained in the first case. For this reason, it is not feasible to relate the intensity of the Raman signal with concentration by using the recorded spectra. Such a drawback can be overcome by rescaling all the spectra so that they all have the same area under the band centered at 230 cm −1 , the Ag-Cl stretching. Since the cleaning process removes contributions to the Ag-Cl band that may come from precipitated salt [54, 55] , only the contribution of the adsorption of Cl − on Ag nanoparticles is measured. Hence, such area must be strictly proportional to the number of nanoparticles in the focal region. This rescaling for the average spectra of five measurements is shown in Figure 5 for the different sensors constructed in this work when the 10 −3 M solution of R6G is used. For Ag@PVP29000-based films, the high molecular weight coating efficiently screens the dipoles coupling, enhancing the reproducibility among different spectra to the order of 30% as can be seen in Figure 6 , regardless of the structure of the probe area. In contrast, the sensitivity of the sensors containing Ag(H) nanoparticles is highly dependent on the probe area, being necessary to search for an appropriate aggregate in order to obtain a reliable SERS spectrum. One should notice that this procedure overcomes some spectrum artifacts. For example, after normalization, on Ag@PVP10000, the SERS signal of R6G is very weak, although the Ag-Cl stretching band remains modest. This would reflect how far the SPR is from the excitation light, a fact that meets with failure in the acquiring of a proper SERS spectrum. 
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Moreover, since many variables are associated with the adsorption mechanism and reproducibility of the scattering volume [56] , masking a proper determination of the enhancement factor, the molar sensibility will be presented in the following (i.e., the estimated number of moles probed by the laser spot). These molecular quantities can be easily derived from the laser spot and the area covered with the R6G solution. Thus, the SERS spectrum is observed for an amount as small as 10 zmol in the most unfavorable case (10 −7 M) for Ag(H) and PVP29000 sensors, but the Ag@PVP10000-based sensor only reaches a sensitivity of 0.1 fmol (corresponding to a concentration of 10 −5 M). In other words, the smaller R6G concentration is not detected with Ag@PVP10000-based sensor. The relation of the normalized areas under the main vibrational bands of the R6G obtained in this experiments demonstrates that both capped Ag(H) and Ag@PVP29000 nanoparticles present equivalent amplification factor within experimental variations up to 10 −7 M (see the detail of the spectra shown in Figure 5 ). In the first case, and after the aggregation, the high degree of coverage of the silicon films together with the proximity of plasmon absorption of the nanoparticle aggregates to the excitation radiation work in the favor of a great enhancement of the Raman signal. In the second case, since the degree of coverage is deficient with respect to the Ag(H) surfaces and the hot spot size is similar to those of the Ag(H) films, only the electronic properties are of advantage with respect to these sensors. The longitudinal plasmon absorption of the nanotriangles is more intense than the absorption of the broad distribution of Ag(H) aggregates and is also closer to the laser wavelength. Consequently, Ag@PVP29000 would be benefited for an improvement of the surface coverage homogeneity. Current work is being devoted in such direction with promising results employing functionalization with β-cyclodextrin as analyte captor.
Finally, reversibility of these thiol-immobilized silver nanoparticle-based nanostructures is probed by means of washing them for 1 h with Milli-Q water after incubating with R6G 10 −7 M. This reversibility has not been measured in the PVP10000-based sensor, since this sensitivity is not achieved in this case. Results for Ag@PVP29000 films are presented in Figure 7 as an example demonstrating this Journal of Spectroscopy feature that makes them candidates for reusable chemical sensors. Figure 7(a) , where the spectrum of the film incubated in R6G 10 −7 M for 1 h is exhibited, shows clearly the R6G bands pattern. Spectrum B was measured after washing the film for 1 h in Milli-Q water, showing no SERS signals from R6G. Finally, spectrum C, recorded after reincubating in the R6G 10 −7 M solution, shows clearly a shape that is rather similar to that in spectrum A.
Conclusions
Three substrates for organic compound detection based on bare and PVP-capped metal nanoparticles have been developed. These metal nanoparticles come from three different syntheses and have been characterized with a plethora of techniques. They are strongly attached to a silicon substrate, and hence, they can be incubated without danger of degradation of SERS active spots. Aggregates formed by core Ag nanoparticles are of micrometric size while capped ones hardly form a 10 μm aggregate due to the steric effect caused by the functional group size. Therefore, the coverage of the films will decrease with a bulky coating. The plasmon properties of the nanoparticles are, in its hand, controlled by their shape and are the leading order term within the variety of effects implicated in the Raman process. This twofold effect (electronic and area factors) controls SERS signal and can be finely tuned by a proper choice of coating and synthesis parameters. With an appropriate excitation light, reversibility of the adsorption-desorption process of the organic compound makes these modified films perfect candidates for being used as chemical sensor based on the SERS effect. These results put the pave for a new methodology on the way to reusable molecular sensors based on Raman spectroscopy. Further insights into the hydrophobic/hydrophilic effect of the substrates as long as new functionalization aims to increase the analyte capture are currently being explored with exciting perspectives.
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Supplementary Materials
The supplementary material section contains the detailed characterization of the treated substrate characterization. Figure S1 shows the FTIR spectrum of the Si(100) chip after treatment with piranha solution for 1 h. Then the sample has been rinsed in Milli-Q water and dried with nitrogen. The spectrum of liquid water, recorded in a 10 reflection ZnSe ATR, is also shown for comparison as discussed in the text. Adapted from Caro et al. [50] . A brief explanation of the experiments carried out to rule out non-SERS contributions to the observed signal is also included. 
